Wetlands in the Mississippi River Valley provide numerous functions supported by prolonged periods of soil saturation or inundation. However, few studies document forested wetland hydropatterns, especially in altered systems. In this study, we evaluated hydrologic drivers of forested wetlands in the Yazoo Basin, a large Mississippi River tributary system exhibiting regional hydrologic alteration. Results from 56 water table monitoring locations indicate that precipitation induced the majority (76%) of wetland saturation events, defined as soil inundation or water tables within ≤30 cm of the surface for ≥14 consecutive days. Flooding triggered 19% of saturation events, and 5% of events occurred in response to precipitation induced high water tables followed by flood inundation. Data suggest that most wetlands examined (87%) would persist in the absence of flooding, and that duration and inundation patterns differed with dominant water source. A multi-year hydropattern analysis highlights the influence of precipitation derived saturation during low evapotranspiration winter periods, spring flood water contributions in some wetlands, and decreasing water tables throughout summer and fall. A discussion of rainfall normality and stream discharge places the dataset in a larger context. Results reflect changes in historic hydropatterns, informing efforts to maximize wetland functions during forested wetland management and restoration.
Introduction
Forested wetlands within the Mississippi River alluvial valley provide a variety of wetland functions including maintenance of faunal and floral habitats, detention and storage of precipitation and floodwater, and biogeochemical cycling of nutrients (Smith and Klimas 2002) . These functions result in flood risk reduction, water quality improvements, and recreational opportunities that benefit society. Historically, more than 10 million ha of forested wetlands extended from the mouth of the Ohio River to the Gulf of Mexico (King et al. 2006) .
Landscape alterations decreased the forested wetland extent by 75%, largely through conversion of forested wetland habitats to agricultural lands and the implementation of extensive flood control projects (The Nature Conservancy 1992) .
Many studies in the region investigate the capacity of the remaining forested wetlands to provide diverse habitats, forest products, and improve water quality (Kellison and Young 1997; Fredrickson et al. 2005) . However, relatively few studies examine the hydrologic drivers supporting forested wetlands compared with the number of publications evaluating waterfowl, vegetation, and other topics (Fredrickson and Heitmeyer 1988; Wigley and Roberts 1994) . Water source and pattern ultimately determine the form and function of all wetlands (Gosselink and Turner 1978) , and understanding forested wetland hydrology is especially important given the magnitude of the decline in forested wetland extent in the region (Fredrickson 2005) . Hydrology also interacts with other factors (i.e., vegetation and soils), to regulate ecological productivity, organic matter accumulation, and floodwater attenuation; making it a key component to consider during conservation and restoration efforts (Berkowitz and White 2013) .
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13157-019-01249-5) contains supplementary material, which is available to authorized users. Mitsch and Gosselink (2015) outline typical hydropatterns in alluvial swamps and hardwood wetland forests, which experience elevated water table levels and surface inundation in response to precipitation during winter when evapotranspiration is low (Fig. 1) . Spring flooding provides hydrologic supplements in some systems, and water levels decrease as the growing season progresses, evapotranspiration accelerates, and precipitation declines. This classic view of forested wetland hydropattern is well established, but may not reflect current conditions since much of the Mississippi River Valley has been altered by the construction of levees, drainage works, stream channelization and dredging (Theiling and Nestler 2010) . These alterations include the development of over 5900 km of levees in addition to operation of dams and flood control structures designed to manage river stages for navigation and/or to prevent flooding.
The modification of the Mississippi River and tributary systems induced more erratic flow regimes, more frequent major floods, and fewer years with stable water levels essential for moist-soil plants and aquatic vegetation growing in floodplains and backwater areas (Sparks et al. 1998 ). Current conditions result in higher river stages within the constrained river floodplain and decreased direct connectivity between forested wetlands and lotic systems compared with historical data (i.e., less overbank flooding ; Belt 1975; Opperman et al. 2010) . As a result, many forested wetlands are now subject to a combination of direct precipitation and backwater flooding as the major sources of hydrology (Smith Fig. 1 Theoretical hydropatterns for an alluvial swamp forest (upper panel) and hardwood wetland forest (middle panel; adapted from Mitsch and Gosselink 2015) . Note that the water table increases in response to winter precipitation, with supplemental spring flood effects occurring in some areas. Water tables decrease during summer and fall in response to lower precipitation and increased evapotranspiration. The water balance (lower panel; adapted from data available in Matsuura et al. 2009 ) within the study area corresponds to the theoretical water table fluctuations in the upper panels, with water surpluses occurring during the winter months coinciding with the water table increases. The subsequent declines in precipitation and accelerating evapotranspiration during summer lead to soil moisture loss and moisture deficits, resulting in lower water tables. Cooler temperatures and increasing precipitation then recharge the system, with soil moisture gains occurring later in the year and Klimas 2002). Backwater flooding describes inundation resulting from impeded drainage, when the flood stage in higher-order waterways inhibits drainage within adjacent tributaries. Impeded drainage leads to increasing water tables and surface inundation. Additional flooding results from water accumulating behind levees and other flood control structures. For example, over 200,000 ha of land was flooded in the Yazoo Basin, a major Mississippi River tributary system, during 2019 for a period exceeding 120 days. The flooding was induced by extremely high (over 200% above average) precipitation coupled with high river levels in the Mississippi River which precluded downstream drainage and necessitated closure of multiple water control structures (NOAA 2019).
Land use and management also influences forested wetland hydrology. For example, Kolka et al. (2000) reported significant differences between restored and natural forested wetlands, including changes of natural patterns of evapotranspiration and throughfall that impacted water table levels. That study highlighted the need for additional research characterizing forested wetland hydrology, especially in altered systems. Richardson and McCarthy (1994) identified increases in runoff and decreases in evapotranspiration following conversion of forested wetlands to other land uses. Hunter et al. (2008) investigated the effect of altered hydrology on water quality improvement, suggesting that hydropattern and connectivity be incorporated into forested wetland restoration design. Walton et al. (1996) linked forest surface inundation with river stages on the Cache River in Arkansas reporting that overbank and backwater flooding provide the major water sources in the reach examined. The authors of that study further emphasized the need for additional research on water sources and hydropatterns in forested wetlands and more work investigating the impact of alteration on forested wetland hydrology.
In response to the need for additional research, we evaluated hydrologic drivers in forested wetlands within the Yazoo Basin, a major tributary to the Mississippi River that has undergone extensive hydrologic alteration. Objectives included: 1) identify dominant wetland water sources (i.e., precipitation, flooding, or combination) during 95 wetland saturation events occurring at 56 monitoring locations, 2) place results in a larger context via analyses of precipitation and stream flow normality, and 3) evaluate multiyear forested wetlands hydropatterns in the region. We also discuss implications for forested wetland restoration and management.
Methods

Study Area
The study occurred in the Yazoo Basin, a 20,000 km 2 tributary of the Mississippi River. The basin has an average southward slope of 11.3 cm/km beginning at Memphis, TN and continuing southward to Vicksburg, MS (USA). (Saucier 1994) . The basin represents the largest major sub-basin of the Mississippi River alluvial valley, occupying portions of the Mississippi River alluvial plain section of the coastal plain physiographic province (USDA-NRCS 2006) . Climate is humid subtropical, with temperate winters (January mean of 5.5°C) and long hot summers exhibiting average maximum temperature of 32.2°C (Southern Regional Climate Center 1998). Longterm average total precipitation measures 129 cm per year, with 12 cm per month occurring from December to April decreasing to 8 cm per month in August, September, and October. The precipitation pattern in conjunction with evapotranspiration rates results in excess moisture during winter and spring, followed by soil moisture losses and moisture deficits from May to October ( Fig. 1 ; Brown et al. 1971 ).
Ground Water Monitoring and Analyses
Ground water monitoring well installation occurred at 56 forested wetland study sites throughout the Yazoo Basin (Fig. 2 ). Wells consisted of slotted PVC pipes instrumented with pressure transducers (Insitu LevelTroll 500® or Ott OTT Orpheus Mini®) at or below 50 cm of the soil surface according to guidance provided in USACE (2005) . Water table measurements were automatically recorded at a minimum interval of 12 h from November 2010 until October 2011. All monitoring locations were distributed based upon access to public lands, mapped flood frequency and duration (where available), and site condition to include analyses of mature second growth forest and reforested farmed wetlands (Table 1) . Mature second growth forests were at least 60 years old and experienced natural regeneration following historic logging. Restored forested wetlands areas consisted of afforested poorly drained, agricultural lands that historically supported forested wetlands. All restored sites were less than 25 years old during the study (Berkowitz 2019) . Prior to restoration, study locations were managed for row crop production including corn, soybeans, cotton, and rice varieties.
Each study area exhibited field indicators of hydrophytic vegetation, hydric soils, and wetland hydrology as outlined in USACE (2010), confirming the presence of wetlands. A mixture of Fraxinus pennsylvanica, Quercus texana, Quercus lyrata, Carya aquatica, and other flood-tolerant hydrophytes dominated both restored and naturally regenerated locations (Berkowitz 2019) . Soils throughout the study area include Sharkey clay (Very-fine, smectitic, thermic Chromic Epiaquerts), Alligator clay (Very-fine, smectitic, thermic Chromic Dystraquerts), Forestdale silty clay loam (Fine, smectitic, thermic Typic Endoaqualfs) and related series (Soil Survey Staff 2019). The rate of water table recession was calculated from water table monitoring data by evaluating the change in water table depths following precipitation events when no additional precipitation events occurred for at least four days. The change in water table depth was divided by the number of days required for water tables to return to baseline conditions. This yielded recession rates ranging from 0.03 to 0.44 m/day (average 0.20 m/day). Field indicators of hydric soils were present at all study locations, including the commonly observed indicators Depleted Matrix, Depleted Below Dark Surface, and Redox Depressions (USDA-NRCS 2018). Field indicators of wetland hydrology were present at all study sites, including the following which were commonly observed: Surface Water, High Water (USACE 2005) , which defines the minimum criteria of wetland hydrology as inundation or soil saturation within ≤30 cm of the soil surface for ≥14 consecutive days during the growing season at a minimum frequency of 5 years in 10 (i.e., ≥50% probability). Growing season dates utilized the standard defined in USACE (2010), encompassing periods when active plant growth is observed (e.g., bud burst) or when soil temperatures remain above 5°C. This wetland hydrology threshold was selected because it has been utilized in multiple wetland identification studies (Berkowitz and Sallee 2011; Berkowitz et al. 2014 Berkowitz et al. , 2017 and adheres to recommendations from National Research Council (1995) ensuring that water persists within the major rooting zone of plants long enough to impact vegetation distribution and hydric soil oxidationreduction potentials (e.g., anaerobic conditions). The standard Table 1 Table 1 Wetland hydrology monitoring location information from the 2010-2011 period including mapped flood duration and frequency (N/A denotes no data available), elevation, condition (RE = restored; SG = second growth), number of saturated days (i.e., soil saturation or inundation within ≤30 cm of the surface), number of saturation events (periods with >14 consecutive days of saturation or inundation within ≤30 cm of the soil surface), and water source (R = rainfall; F = flooding; RSF = rainfall followed by supplemental flooding) associated with each saturation event Study location Duration (days) Frequency (years) Elevation (m) Condition Saturated days Wetland saturation events Water source is also applied by regulatory agencies responsible for implementing wetland provisions within the Clean Water Act and the National Food Security Act (USACE 2010). Data from each of the 56 study sites monitored during the 2010-2011 period was evaluated to determine the number of wetland saturation events (i.e., periods where soil inundation or water tables remained within ≤30 cm of the soil surface for ≥14 consecutive days). Each wetland saturation event was then classified as being derived from 1) precipitation, 2) flooding, 3) a combination of precipitation induced high water tables followed by floodwater inputs, or 4) precipitation induced saturation followed by a low water table period and separate precipitation or flood event(s) occurring later in the season (Fig. 3 ). Previous studies have utilized a similar approach to evaluate wetland water sources; including Davis et al. (1996) who identified the relative contribution of precipitation, groundwater and runoff to wetland hydropattern in northern Florida by examining hydrograph responses to rainfall, groundwater discharge, and other factors.
The classification analyses evaluated water table responses to precipitation and changes in river hydrograph (i.e., stage). Precipitation-driven wetland saturation events display linkages between individual rainfall events and water table levels as indicated by a high temporal variability and rapidly fluctuating groundwater levels ( Fig. 3a) . Conversely, events associated with flood events generally produced smooth water table hydrographs that mimic the shape of river stage fluctuations even if the timing of flood effects are muted or occur following a time lag ( Fig. 3b ). Wetland saturation events resulting from a combination of sources were characterized by initial high water tables in response to precipitation for a minimum duration of 14 consecutive days followed by subsequent flood effects that enhanced water table height or prolonged the wetland hydroperiod ( Fig. 3c ). Some study locations exhibited multiple saturation events separated by low water periods (Fig. 3d ).
Statistical analyses utilized one-way analysis of variance (ANOVA) following testing for normality (Shapiro-Wilk test) and homoscedasticity (Levene's test). Pairwise comparisons used the Tukey HSD test. The ANOVA approach compared the duration of wetland hydrology at study locations (dependent variable) between hydrologic sources (independent variable; e.g., precipitation-driven vs. flood-driven) and study location condition (i.e., mature second growth vs. restored locations). When the assumptions for ANOVA were violated, the non-parametric Kruskal-Wallis test with Dunn-Bonferroni pairwise comparisons was applied (designated as P′ in the text). The non-parametric tests compared the duration of wetland hydrology during individual saturation events (dependent variable) between hydrologic sources (independent variable; e.g., precipitation vs. flooding); compared the duration and maximum height of surface inundation events (dependent variables) between hydrologic sources (independent variable; e.g., precipitation vs. flooding); and compared the observed duration of wetland saturation (dependent variable) against the mapped flood duration zones (independent variable). Each saturation event and study location was considered an independent measurement for the analysis. All significance was evaluated at α = 0.05, using SPSS version 25 (IBM, Inc.).
Climate Analyses
Water table measurements were placed into a larger context by evaluating patterns of rainfall and streamflow normality. The analyses of precipitation normality used the Direct Antecedent Rainfall Evaluation Method (DAREM) (Sumner et al. 2009 ), which determines if ground water monitoring occurred following a normal, above normal, or below normal precipitation period based upon long-term (i.e., 30 year) meteorological records (Sprecher and Warne 2000; Berkowitz and Noble 2015) . The DAREM approach evaluates precipitation patterns during and three months prior to each saturation event, weighting more recent precipitation to accurately reflect 
Long-Term Monitoring Data
In order to examine a longer-term record, 12 wetland monitoring locations were maintained for three to eight years during the 2011-2018 period. Monitoring locations were located in the southern portion of the Yazoo Basin within the Delta National Forest and the adjacent Twin Oaks Wildlife Management Area. All study locations were characterized by mature second growth forested wetlands distributed across several mapped flood frequency return (i.e., 2-5 years) and duration (<7 ->14 day) zones. The flood duration and frequency zones were determined using the Flood Event Simulation Model (FESM), a flood mapping tool that interpolates water surface elevations between river gauges using a 2m digital elevation model. The model assumes that areas with surface elevations lower than the calculated water surface elevation are subject to surface inundation.
The duration of high water table (i.e. days with soil saturation ≤ 30 cm of the soil surface) was calculated annually and monthly using the Proc Univariate (SAS release 9.4, SAS Institute) analysis program. Similarly, the sum of the days the river surface water elevation exceeded the 2-year flood Fig. 3 Analyses of water table levels, precipitation, and river stage were used to categorize saturation events derived from (a) precipitation, (b) flooding, or (c) a combination of precipitation followed by subsequent flooding. Some study locations exhibited (d) a precipitation induced saturation event followed by a period of low water table and a separate event(s) occurring later in the season frequency elevation was calculated at Anguilla, MS and Holly Bluff, MS gauge stations as described above. Net precipitation was also calculated by subtracting monthly evaporation from precipitation using data from Rolling Fork, MS (227560) the only station in the southern portion of the Yazoo Basin that reports evaporation.
Results and Discussion
Saturation Events -Water Source, Timing and Duration Ninety-five saturation events, defined as ≥14 consecutive days of inundation (i.e., flooding or ponding) or soil saturation within the upper 30 cm of the surface, occurred at the 56 study locations during the 2010-2011 monitoring period (Table 1; USACE 2005) . Twenty-five study locations exhibited one saturation event, 23 locations exhibited two events, and 8 locations exhibited three events (Supplemental Figs. 1-56 ). The duration of saturation events ranged from as few as 14 days to as many as 165 days (mean ± standard error = 50.8 ± 4.1 days). Precipitation induced the majority of saturation events (75.7%; 72 of 95 events). Flooding provided the hydrologic source for 18 (18.9%) of the saturation events. Five saturation events (5.2%) displayed initial soil saturation in response to precipitation, with supplemental flood inputs occurring after the minimum period of 14 consecutive days of saturation was surpassed. Results suggest that precipitation provides the dominant water source for most saturation events, with flooding providing the main water source at some locations and extending the duration of wetland saturation in other locations.
The timing and duration of saturation events differed with hydrologic source. Precipitation-driven events began in November and continued until April, with most events (65 of 72) occurring between January and April (Fig. 4) . Flood derived saturation events were observed later in the growing season, from March to June. The distribution of events suggests that precipitation provides the water source to wetlands during the early portion of the water year, with flooding extending or supplementing saturation in some wetlands into the late spring and early summer months. This pattern follows established forested wetland hydrographs theorized by Mitsch and Gosselink (2015; Fig. 1 ) and reported in other studies (Kleiss et al. 2000) . The duration of wetland saturation events associated with precipitation (44 ± 4 days) and flood (41 ± 5 days) derived events did not significantly differ (P′ = 0.88). However, the duration of events driven by a combination of precipitation and flooding (135 ± 20 days) were significantly longer than events related to a single source of either precipitation (P′ ≤ 0.001) or flooding (P′ = 0.006).
Surface inundation patterns play an important role in many forested wetland functions, including habitat suitability for hydrophytic flora (i.e., Lindera melissifolia) and fauna (i.e., fish) and ecosystem productivity (Kozlowski 2002) . The extent and duration of surface inundation differed between hydrologic sources. Thirty two of the 72 observed precipitationdriven events (44%) included one or more days with water tables above the soil surface, thus the majority of precipitation-driven events (56%) resulted from soil saturation without surface inundation. Where surface inundation did occur during precipitation induced events, the mean duration of surface inundation was 6.8 days (range = 1-32 days) and the maximum depth of inundation ranged from 2 to 74 cm (mean = 9.7 cm).
Flood-driven saturation events were all associated with surface inundation, displaying a significantly longer mean inundation duration of 27.5 days (range = 2-74 days; P′ < 0.001) than precipitation-driven events. Flood derived events also exhibited significantly deeper maximum inundation depths (mean = 43.7 cm; P′ = 0.002) than precipitation-driven events. Saturation events affected by precipitation followed by supplemental flooding also experienced significantly longer surface inundation than events driven by precipitation only (mean = 94.1 days; range = 3-134 days; P′ = 0.001) but did not significantly differ from events induced by flooding (P′ = 0.527). Maximum observed inundation depths during events induced by a combination of precipitation and flooding were also significantly deeper (mean = 45 cm; range = 18-64 cm) than events resulting from precipitation only (P′ < 0.001).
Fig. 4
Distribution of saturation event timing and water source during the study period. Note that most precipitation-driven events began during the winter, while flood derived events occurred during spring and summer. RSF = rainfall followed by supplemental flooding
The observed distribution of hydrologic drivers, timing, and duration of saturation events likely reflect the large-scale alterations across the Yazoo Basin and more broadly within the lower Mississippi River Valley. Historically, prolonged and extensive ponding occurred in the Yazoo Basin following precipitation during the winter wet season (Smith and Klimas 2002) . Localized flooding occurred as precipitation and runoff from the surrounding landscape (mostly the hills on the eastern edge of the basin) discharged into the tributary network of the Yazoo River, which provides the only natural drainage feature to the Mississippi River at the southern end of the basin (Fig. 2) . Additionally, large flood events associated with the Mississippi River and tributary system inundated most of the Yazoo Basin in some years (Moore 1972). The modern levee system limits overbank flooding from the Mississippi River, but does not eliminate the influence of the river on wetland hydrology within the basin. For example, the major flood of 1973 inundated approximately 40% of the Yazoo Basin; and subsequent analysis indicated that in the absence of the levee system nearly the entire basin would have become flooded (USACE 1973; Chin et al. 1975) . While the implementation of flood control measures has decreased flood frequency and duration in portions of the Yazoo Basin (Smith and Klimas 2002), development of the Mississippi River levee system in conjunction with incomplete flood control projects in the southern portion of the Yazoo Basin increased the duration of saturation in some wetlands during some years (Stanturf et al. 2001 ). There was no significant difference between the average hydroperiods in the southern portion of the study area (107 ± 6 days; n = 44) and the northern section of the Yazoo Basin (82 ± 11 days; n = 12) (P′ = 0.142).
Monitoring Location Results
Classification of each monitoring location by dominant water source promotes a discussion of the capacity of wetlands to persist under various river discharge and precipitation conditions, which respond to changes in land management and climate (Zhang and Schilling 2006; Jha et al. 2004 ). Precipitation provided the main water source at 38 of the 56 study locations (67.9%) examined (Table 1) . These locations exhibited no influence of flood inputs during the study (i.e., no saturation events linked with flooding occurred). Additionally, 19.6% of locations received sufficient precipitation to induce wetland hydrology, with subsequent flooding either 1) supplementing precipitation-driven hydrology (10.7%) during a continuous event (Fig. 3c) or 2) leading to a separate wetland saturation event (8.9%) following a period when water tables decreased below 30 cm for some period (Fig. 3d) . These data suggest that 87.5% of monitoring locations would continue to exhibit saturation (and wetland hydrology) in the absence of flood inputs. Conversely, flooding provided the dominant water source at seven (12.5%) of the 56 monitoring locations, supplemented precipitation induced saturation at five (8.9%) locations, and led to a separate saturation event at six (10.7%) locations. This suggests that flooding supported wetland hydrology at 32.1% of monitoring locations, and those locations would theoretically continue to exhibit wetland characteristics in the absence of precipitation inputs. However, it should be noted that the interactions of direct precipitation, runoff, and flooding are closely coupled; and isolating flood effects remains difficult without conducting a comprehensive mass balance of water budgets (Kolka et al. 2000) .
The duration of saturation at study locations also differed across dominant water sources. For example, study locations in which flooding provided the dominant water source exhibited significantly shorter hydroperiods (42 ± 4 days) than all other categories (P < 0.001). Study locations with precipitation-driven saturation experienced 103 ± 6 days of elevated water tables, similar to data from locations with separate precipitation and flood events (122 ± 18 days; P = 0.526) but significantly less than locations with one continuous saturation period associated with precipitation supplemented with flood inputs (154 ± 6 days; P = 0.009). Wetland hydroperiods in sites exposed to a combination of precipitation and flooding did not significantly differ (P = 0.381) despite the fact that some locations exhibited a continuous saturation event while others experienced a low water period separating the precipitation and flood induced saturation events (Table 1 ; Fig. 3c, d) .
Surface inundation occurred at 42 of the 56 study locations (75%), including all study locations subject to flood influences. The length of inundation varied across flood effected sites, ranging from 2 to 134 days (47 ± 8.5). Precipitation induced surface inundation at 24 of the 38 (63%) monitored wetlands where flood inputs were absent, although the duration of inundation was often short (5.0 ± 1.7 days). The remaining precipitation-driven locations displayed high water tables and soil saturation without surface water inundation. As noted elsewhere, the absence of flood inputs and associated decreases in surface inundation may reflect hydrologic alteration within the study area and represent an increase in wetlands subject to soil saturation compared with historic conditions. The potential decrease in surface inundation has implications for wetland functional capacity and management (discussed below).
Mapped flood duration and frequency data were available from the FESM model at 37 of the 56 study locations. The FESM results indicate the estimated frequency (e.g., 2-year flood return zone; 2-year floodplain) and duration (e.g., 28day of flooding) of flood inundation events based on surface elevation and river stage. Notably, the observed period of sol saturation exceeded the mapped flood duration in all cases. The measured duration of saturation generally increased with increases in mapped flood duration. For example, monitoring locations within the 28-day mapped flood duration zone exhibited significantly longer hydroperiods (160 ± 2 days) than locations in the <7-day mapped flood duration zone (80 ± 10 days; P′ ≤ 0.001) or locations in unmapped areas (90 ± 8 days; P′ = 0.003) ( Table 2) . No statistically significant differences the period of soil saturation were detected across mapped flood frequency zones.
The available data suggests that the flood duration and frequency mapping may not accurately reflect ground conditions in regard to wetland hydropatterns, especially in locations subject to precipitation induced saturation. Within the study area, supplemental wetland mapping efforts may be required to document the extent of wetlands sustained by precipitation and soil saturation in addition to those subject to flooding. Further, the terms "saturation duration" and "saturation frequency" may more appropriately communicate wetland hydropatterns than traditional "flood frequency" and "flood duration" descriptions, since many of the saturation events and monitoring locations were subject to precipitation induced wetland hydrology.
Previous studies evaluated the impact of land use on forested wetland hydrology, reporting significant differences between natural and restored wetland forests (Kolka et al. 2000; Hunter et al. 2008) . Restored wetlands and mature second growth forests in the current dataset displayed a variety of hydrologic sources (Table 1) . Precipitation dominated hydrologic sources under both conditions, accounting for 77.3% and 73.8% of saturation events in restored and second growth forests respectively. Flooding drove wetland hydrology at 15.0% of the restored study locations, fewer than the 23.8% observed in second growth areas. The combination of initial precipitation inputs with subsequent supplemental flooding resulted in saturation events at 7.5% in restored areas and 2.4% in mature forest locations. There was no significant difference between mean hydroperiod in restored wetlands (99 ± 8 days) and second growth sites (108 ± 8 days) (P = 0.176).
Climate Analyses
Analyses of rainfall and river discharge normality is required to place these results in a larger climatic context, as antecedent groundwater levels influence the impact of local rainfall and flooding on wetland saturation. For example, precipitation is more likely to result in near-surface saturation when groundwater tables are already elevated. The DAREM analyses indicated that each 2010-2011 saturation event occurred during a normal or drier than normal rainfall period ( Supplemental Tables 1-36 ). This precludes the possibility that the predominance of precipitation-driven saturation events and study locations resulted from higher than normal rainfall. The 2010-2011 study period saw record discharges on the Mississippi River (>56,000 m 3 /s) with stages exceeding the highest level on record, set during the historic flood of 1927 (Camillo 2012) . Within the Yazoo basin a distinct flood effect can be observed during May and June (Fig.  3b ). However, cumulative discharges displayed periods of below average stream flows within the study area during the 2010-2011 period, with portions of the study exhibiting discharges near the 25th percentile (Fig. 5a) .
In response, analyses of available data from a higher than normal discharge year was examined to investigate the response of wetlands to above average river discharge and determine whether the relative influences of precipitation and flooding on saturation observed in the 2010-2011 dataset would persist. The 2015-2016 period was selected for evaluation because discharges remained near or above the 75th percentile level, and 10 wetland monitoring locations in the study area were still in operation (Fig. 5b ). Precipitation ranged from normal (7 months) to wet (5 months) and 17 saturation events occurred during 2015-2016 monitoring period ( Supplemental Tables 37-48 ).
As seen in the larger 2010-2011 dataset, the majority of saturation events recorded during 2015-2016 were associated with precipitation (70.5%). Fewer events were induced by flooding (29.5%), including three of the 17 events which displayed initial precipitation responses followed by supplemental flood inputs. Analyses of individual study sites also followed the trend seen in the 2011-2010 data. Nine of the 10 study locations included at least one precipitation-driven saturation event, with precipitation providing the main water source at seven locations. Flooding occurred at the remaining three locations providing: the main water source at one study location, supplemental hydrology to an ongoing precipitation-driven event at one location, and separate precipitation and flooding events at one location. Results from a higher than normal discharge period appear to agree with the 2010-2011 data, with precipitation supporting most saturation events and study locations and flooding providing the dominant or supplemental water source at a subset of locations.
Long-Term Hydrologic Monitoring
Twelve long-term monitoring locations were maintained for three to eight years in order to evaluate trends across multiple years (Table 3 ). The long-term monitoring locations included a variety of mapped flood duration (<7 to >14 days) and frequency (2 to 5 year) zones. As anticipated, study locations in higher mapped flood frequency and duration zones generally exhibited longer hydroperiods. For example, monitoring locations in the 2-year flood frequency zone displayed fewer days of soil inundation/saturation as mapped flood duration decreased as follows: >14-day duration (average observed hydroperiod ± one standard error = 172 ± 20 days); 7-14 day duration (151 ± 16 days); <7-day duration (87 ± 16 days). Note that the observed duration of soil inundation or saturation greatly exceed the mapped flood duration across each flood frequency and duration zone, further suggesting that precipitation is driving wetland hydrology. These long-term water table monitoring results support the conclusion outlined above, that precipitation provides the dominant wetland hydrologic force within the study area.
To illustrate the long-term hydropatterns, the average soil period of monthly saturation was plotted in a time series along with the net monthly precipitation (i.e., precipitation minus evapotranspiration) and the period when river stages were elevated. First, data from the mapped 2-year frequency, >14day duration flood zone (Fig. 6a ) highlights the fact that the period of precipitation-driven saturation always exceeds the period of flooding, and that saturation was observed during all years, regardless of timing or extent of flooding. Examining 2year flood frequency, 7-day duration flood zone further emphasizes the role of precipitation (Fig. 6b) . A single 2-year flood event occurred during the monitoring period (March 2016) following a precipitation event in which the upstream basin received more than 500 mm of rain over a 48-h period. As a result, all of the observed soil saturation except during March 2016 event can be attributed to precipitation. Evaluating long-term water tables in the 5-year frequency, <7-day duration flood zone also supports the dominant role of precipitation in wetland hydrology. There were no flood events exceeding the 5-year frequency during the period of study, thus all of the observed soil saturation in this flood frequency and duration zone are attributed to precipitation.
Management and Restoration Implications
Wetlands within the Mississippi River Valley have been shown to provide a number of wetland functions related to Fig. 5 Cumulative discharge curves for the (a) 2010-2011 and (b) 2015-2016 monitoring periods. Note that during 2010-2011, discharges remained below average often near the 25th percentile level while in 2015-2016 discharges were near or above the 75th percentile level. During both time periods, precipitation inputs induced most wetland saturation events and was the dominant water source at most study locations. Data presented from the Big Sunflower River gauge at Holly Bluff, MS. hydrology, habitat, and biogeochemical cycling, which subsequently support ecological services that benefit society (e.g., flood risk reduction, subsistence harvesting, water quality; Novitski et al. 1996; Thorp et al. 2010) . Within forested wetlands in the Yazoo Basin Smith and Klimas (2002) identify seven wetland functions including detention of 1) floodwaters and 2) precipitation, 3) nutrient cycling, 4) organic carbon export, 5) sequestration of elements and compounds, 6) maintenance of plant communities, and 7) support for fish and wildlife habitat. Previous studies in the basin evaluated these functions across a variety of landscape conditions, demonstrating that wetland functions generally increase with wetland forest successional age and that restored wetlands provide the same functions as natural systems but often at a lower magnitude (Berkowitz and White 2013; Berkowitz 2019) .
The ability of a wetland to provide ecosystem functions depends on many conditions related to landscape position, hydrodynamics, successional stage, and other factors (Smith et al. 1995; USGS 1996) . For example, the detain floodwater function is maximized in areas that are exposed to frequent flooding, contain sufficient surface roughness (i.e., obstructions and microtopography) to decrease the flow velocities, and have sufficient storage capacity to detain surface water inputs (Ritter et al. 1995) . The data presented here suggests that precipitation drives the hydrology of many of the wetlands in the study area, which likely experience less flooding than under an unaltered hydrologic regime (i.e., prior to agricultural conversion and/or levee construction). As a result, some wetlands in the Yazoo Basin may provide limited detention of floodwaters compared with historical conditions. However, wetlands throughout the region are known to detain significant amounts of precipitation, which maintains saturation in many areas independent of the influence of flooding (Smith and Klimas 2002) . Direct precipitation and runoff from surrounding areas accumulates on flats and in depressional features (both macro-and micro-scale) for storage as surface ponding and subsurface soil saturation. The water is removed from the system via evapotranspiration, groundwater recharge, and drainage into natural features or constructed ditches (Sun et al. 2002) . The detention of precipitation in forested wetlands has the capacity to alter the timing, extent, and magnitude of downstream flooding within watersheds, even in systems not directly influenced by flooding (Acreman and Holden 2013) . For example, mature forested wetland evapotranspiration has been shown to remove as much as 75% of precipitation inputs, reducing the volume of water contributing to potential downstream flood events (Sun et al. 2000) . As a result, the precipitation supported wetlands of the Yazoo Basin provide indirect flood risk reduction 6 Long-term average monthly duration of soil saturation within ≤30 cm of the soil surface (solid line) and elevated river stage (shaded area) across three mapped flood frequency and duration zones including study locations within the (a) 2-year frequency, 14-day duration flood zone (stage data from the Anguilla gauge); (b) 2-year frequency, 7-day duration flood zone (stage data from the Holly Bluff gauge); and (c) 5year frequency, 7-day duration flood zone (no flooding observed during the monitoring period). Note that the period of soil saturation exceeds the period of elevated river stage in all cases, indicating that precipitation is a major wetland water source in the study area. Net precipitation is also displayed, highlighting the relationship between observed wetland hydropatterns and the seasonal water balance (broken line) benefits through runoff attenuation even in the absence of floodwater inundation. Similarly, wetlands whose hydrology is predominantly derived from flooding continue to provide the detain precipitation function during low water periods. Wetlands across the Yazoo Basin (including measurements taken at a subset of those examined herein) have also been shown to provide biogeochemical cycling (e.g., nutrient and chemical transformations) and habitat functions to various degrees regardless of water source (Berkowitz 2019) .
Understanding the primary drivers of saturation allows natural resource managers and entities pursuing forested wetland restoration to maximize wetland functions and ecosystem services based upon site conditions (Berkowitz and White 2013) . For example, Kusler (2012) highlights the ability to maximize flood storage and conveyance features of wetland systems through hydrologic analysis and the manipulation of project site topography. As a result, wetlands that currently experience frequent flood events should be targeted for restoration or enhancement if project objectives include floodwater storage. Alternatively, wetlands currently disconnected from flooding can be reconnected or altered to maximize onsite precipitation storage, both of which reduce downstream flood risk across regional scales. In some cases, flood and precipitation-driven wetlands can work in concert to improve water quality. Forested wetlands inundated during flood events remove sediments and pollutants from surface waters. However, precipitation-driven wetlands have also proven effective for trapping sediments, nutrients, and other compounds prior to runoff entering surface waters (Johnston et al. 1984; Cooper et al. 1987) ; thus similar water quality benefits are being provided under both hydrologic regimes, although the magnitude and timing of the effect may differ.
The management of both precipitation and flood-driven forested wetlands can be focused to improve habitat for individual species or groups of species based upon the hydropatterns described above. For example, some species utilizing forested wetlands may prefer the saturated soils or shallow stagnant waters that persist for an average 103 ± 6 days in many precipitation-driven wetlands to deeper wetlands with shorter hydroperiods (42 ± 6 days) associated with flooding, at least during portions of the year. These species likely include some migratory waterfowl and species that thrive in the absence of predation by river fishes; and these animals may utilize flooded wetland systems for dispersal or conveyance during other portions of their life cycle (e.g., salamanders ; Allen 1980; Semlitsch 1988) . Precipitation supported forested wetlands may also provide forested corridors connecting lotic systems within the agricultural landscape occupying much of the Mississippi River Valley region, and continuing efforts to restore tracts linking large wetland areas have been recommended to further enhance habitat functions across broad spatial scales (Schweitzer and Stanturf 1997) .
In summary, forested wetlands within the Yazoo Basin are maintained by a combination of precipitation and flood water inputs. Precipitation provides the proximate water source for the majority of wetlands evaluated herein, supporting up to 87% of study locations. Flood induced wetland hydrology has likely declined in extent and duration, yet flooding sustained some wetlands and enhanced hydroperiods in sites experiencing both precipitation and flooding effects. The timing and duration of saturation differed with water source, highlighting the heterogeneity of wetland conditions within the Mississippi River tributary system. Future studies are needed to quantify the spatial extent of wetlands in the study area in terms of water source, because while large scale forested wetland restoration efforts have been implemented, historic alterations associated with land conversion and flood control have altered natural flood regimes. As a result, natural resource managers in the Yazoo Basin, and the Mississippi River Basin more broadly, should consider current water sources and hydropatterns within forested wetlands in order to target wetland functions for maximal ecological and societal benefits.
